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The renal cGMP-gated cation channel: Its molecular structure and
physiological role. Cyclic nucleotide-gated cation channels, which are
permeable to monovalent and divalent cations, are expressed in a number
of tissues. cDNA5 encoding cGMP-gated cation channel subunits have
been cloned in retinal rods, cones, olfactory neuroepithelium, pineal
gland, aorta, testis, heart, and most recently kidney. Patch clamp studies
have identified and characterized cGMP-gated cation channels in the
cortical collecting duct (CCD) and inner medullary collecting duct
(JMCD). cGMP-gated cation channels in kidney share many biophysical
and molecular properties with the retinal rod cGMP-gated channel.
However, unlike the retinal rod channel, the cGMP-gated cation channel
in kidney is inhibited by cGMP and stimulated by increased calcium levels.
In the IMCD the cGMP-gated cation channel mediates electrogenic
sodium absorption which is inhibited by ANP via cGMP. Recently,
cGMP-gated cation channel poly(A) RNA has been identified in other
nephron segments by RT-PCR and in situ PCR hybridization. Further-
more, cGMP-gated cation channel protein has also been identified in all
nephron segments by Western blot analysis. These observations suggest
that cGMP-gated cation channels, or closely related gene products, may
play an important physiological role in all nephron segments. Hormones
that increase intracellular cGMP may regulate sodium, and perhaps
calcium, uptake in nephron segments proximal to the IMCD. Increases in
cell sodium and calcium may regulate other transport and signaling
pathways.
Two major classes of sodium (Na)-conducting ion channels
have been identified by the patch clamp technique in renal
epithelial cell plasma membranes. One class, composed of amilo-
ride-sensitive, Nat-selective channels, is responsible for transepi-
thelial sodium absorption across the CCD. Within this class are
low conductance (—4 pS) Na-selective channels (PNa/PK >
100) and higher conductance (—8 pS), relatively poorly Na-
selective channels (PNa/PK 10). The other class, composed of
28 pS non-selective cation channels (Na/PK = I), can be
subdivided into two groups (Table 1): [11 amiloride-insensitive,
non-selective cation channels which are expressed in a variety of
nephron segments and may subserve a number of cellular func-
tions including cell volume regulation, initiation of cell prolifera-
tion, and receptor-mediated calcium entry and [2] amiloride-
sensitive, non-selective cation channels which are inhibited by
cyclic GMP (cGMP) and mediate transepithelial sodium reab-
sorption across the IMCD. The diversity of Na-conducting ion
channels in the kidney may result from multiple genes, alternative
splicing of one or more genes, diverse and cell-specific post-
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translational events modifying channel properties, various combi-
nations of heterogeneous channel forming proteins and/or the
differential expression of regulatory subunits.
The focus of this review is twofold: (1) to provide the reader
with a general overview of the distribution and physiological role
of cyclic nucleotide-gated cation channels in non-renal tissues;
and (2) to review the literature on the biophysical and molecular
biological properties and physiological role of renal cGMP-gated
cation channels. The reader is referred to several excellent reviews
describing non-renal cGMP-gated cation channels [1—3].
The family of cyclic nucleotide-gated cation channels:
Distribution and physiological role
cDNAs encoding cyclic nucleotide-gated cation channel sub-
units have been isolated in retinal rods [—7I, cones [8] and
olfactory neuroepithelium [9]. Three classes of cyclic nucleotide
gated cation channel cDNAs have been isolated: (1) CNG-1,
found in retinal rod photoreceptors, pancreas, spleen, lung,
pineal, kidney, testes, ovary, and heart [23]; (2) CNG-2, found in
olfactory neuroepithelia, heart, brain, and aorta [23, 36, 50]; and
(3) CNG-3, found in cone, testes, kidney, colon, pineal, adrenal,
and heart [23, 36]. The rod and cone channels are activated
preferentially by cGMP whereas the olfactory channel is activated
equally by cAMP and cGMP.
Electrophysiological and biochemical approaches have demon-
strated that cyclic nucleotide-gated cation channels in these
tissues play a key role in sensory signal transduction including
vision and smell. When similar cDNAs were isolated in pineal,
brain, spleen, thymus, heart, aorta, lung, testis and kidney it
became evident that cyclic nucleotide-gated cation channels may
be involved in a variety of functions in addition to sensory signal
transduction. A permeability to calcium, as well as monovalent
cations, suggests that cyclic nucleotide-gated cation channels may
be involved in calcium signaling pathways [10]. This paper reviews
the distribution and possible physiological role of cyclic nucleotide-
gated cation channels in non-renal cells as well as renal cells. An
understanding of the biophysical, biochemical, and molecular
biological properties of cyclic nucleotide-gated cation channels in
non-renal tissues may yield significant insights into the structure
and function of the channel in the kidney.
Retinal and olfactory epithelium
Cyclic GMP-gated cation channels play a critical role in pho-
totransduction in retinal rod outer segments [1, 2, 10, 11]. Light
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Table 1. Characteristics and distribution of cation-selective ion channels along the nephron
IMCD
PTC
rat
PT"
Nect
PCT
rabbit
PSTC
rabbit
cTALC
mouse
bDCT
rabbit
CCD
rabbit
CCD
mouse
CCD
mouse
rat,
mouse
IMCD
mouse
Technique patch, patch patch patch patch patch patch patch patch patch patch
bilayer
y (pS) —50 18 25 28 27 21 —30 34 26 28 24
I-V linear linear linear linear linear linear linear linear linear linear linear
PNU+/PK* —1 —1 1 1 1 1 —1 1 1 1 1
catI"an 10 9 +>>>— 2 +>>>— — 10 11—48 18 10—13 10
Amiloride — — No — — No — No Yes Yes
sensitive
K,.,Amil. — — — — — — — — — <1
Inhibitors — Gadol" — DPC'
NPPBt
slTsg
ATPh DPC' — cOMP Flufen
ATP
cGMP'
ATP7S"
PMAk
Al?'
Voltage No No No Yes depol. No Yes depol. No Yes depol. Yes depol. No No
activated
Calcium No No Yes — Yes — No Yes Yes Yes Yes
activated
Mean open 4 ms 3.6 ms — 2 ms — 1.6 s — — 38 ms —
time 156 ms 6.7 ms
Meals closed 4 ms 2 ma — 2.0 ms — — 3.4s — 50 ms —
time 74 ms 786 ms 9.6 ms 5.8 s
Reference [67] [68, 691 [70] [71] [22, 721 [73] [74, 75] [46, 53] [76] [42—45, 77] [77]
y (pS) is the single channel conductance; NC /K is the permeability ratio of Na to K; 1Cat/An. is the permeability ratio of cations to anions;
+>>>— indicates that the channel was more permeable to cations than anions; the voltage dependence of some channels was modest. — indicates
not reported.
Channels were studied in brush border membranes
"Channel is stretch activated and equally permeable to Ca2C and Na
C Channel is located in the basolateral membrane
"Gadol, gadolinium, an inhibitor of mechanosensitive channels
C DPC, diphenylamine earboxylic acid, a nonspecific inhibitor of some chloride and cation channels
NPPB, 5-Nitro-2-(3phenylpropylamino)-benzoic acid
SITS, 4-acetamido-4'-isothiocyanatostilbene-2,2'-disulfonie acid
"ATP, ADP, AMP, and ATPyS inhibit the channel
Flufen, Flufenamic acid
cGMP and cGMP-dependent protein kinase inhibit the channel [42, 43, 45]
k ATPYS (100 mM; N = 7) and PMA (phorbol 12-myristate 13-acetate 10 nM; N = 4) inhibited the channel (D. Light and B. Stanton, unpublished
observations)
'eGMP failed to inhibit this cation-selective channel in mIMCD-3 cells, suggesting that the channel is similar to but different from the cGMP-gated
cation channel found in IMCD cells or that the cell line mIMCD-3 does not express a key regulatory subunit of the cGMP-gated channel
decreases cGMP levels, resulting in the closure of cGMP-gated
cation channels which hyperpolarizes the cell membrane poten-
tial. Rod outer segment cGMP-gated channels conduct sodium
and potassium equally, exhibit a linear 26 pS single channel
conductance, have a low permeability to calcium, are blocked by
diltiazem and dichlorobenzamil (an analog of amiloride), are
stimulated by cGMP and are weakly voltage-dependent at nega-
tive voltages.
Recent evidence suggests that the cGMP-gated cation channel
in photoreceptor is alternatively spliced and that the channel may
be heteromultimeric [7]. Using the coding region of the human
retinal rod cGMP-gated cation channel (hRCNC1; 686 amino
acids) as a probe, Chen et a! [7] isolated two cDNA clones from
a human retinal eDNA library that differ only in their N-termini.
Genomic cloning and sequence analysis demonstrated that the
two clones (hRCNC2a; 623 amino acids and hRCNC2b; 909
amino acids) are alternatively spliced products of the same gene
and that hRCNC2a appears to be the alternatively spliced variant
in rod cells. hRCNC2a was localized to the rod outer segment by
indirect immunofluorescence, whereas hRCNC2b was localized to
the outer plexiform layer. Expression of hRCNC1 alone in
embryonic kidney 293 cells produced cGMP-gated cation chan-
nels with long open times and kinetics slower than native chan-
nels. Interestingly, whereas hRCNC2a failed to encode functional
channels, cells co-transfected with both hRCNC1 and hRCNC2a
exhibited channel activity with kinetic and pharmacological prop-
erties similar to native cGMP-gated cation channels. Taken
together, these observations suggest that hRCNC1 encodes the
pore-forming subunit of the channel whereas hRCNC2a, and
possibly hRCNC2b, encode subunits that may be involved in
regulating channel gating and sensitivity to diltiazem.
More recently, Chen et al [12] have demonstrated that homo-
oligomeric channels formed by hRCNC1 expression in embryonic
kidney 293 cells are not calcium-calmodulin sensitive. Moreover,
when hRCNC1 and hRCNC2a are coexpressed in embryonic
kidney 293 cells, the resulting heterooligomeric channels also lack
calcium-calmodulin sensitivity. However, heterooligomeric chan-
nels resulting from the coexpression of hRCNC1 and hRCNC2b
respond to calcium-calmodulin with a 1.5- to twofold increase in
the K,,2 for cGMP to a value similar to that seen with native
channels. Western blot analysis and amino acid sequencing demon-
strated that the retinal rod subunit hRCNC2b is a component of a
240 kD calcium-calmodulin binding protein and that hRCNC2b
mediates calcium-calmodulin regulation of the channel.
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In situ hybridization and RT-PCR studies reveal high levels of
expression of cGMP-gated cation channel poly(A) RNA not
only in light transducing layers, but in all nuclear layers of the
retina [13] (S.E. Guggino, unpublished observations). cGMP
levels are elevated in photoreceptor, ganglion, and amacrine-like
cells in response to nitroprusside, consistent with a role for the
channel not only in phototransduction but also in neurotransmis-
sion within the retina [13—15].
Cyclic nucleotide-gated cation channels also play a critical role
in odor discrimination in olfactory neuroepithelium [16]. Cloning
of a cyclic nucleotide-gated cation channel from olfactory epithe-
hum has led to the identification of two channel subunits:
rOCNC1 [9] and rOCNC2 [17]. Whereas rOCNC2 fails to encode
functional channels, cells co-transfected with both rOCNC1 and
rOCNC2 exhibit channel activity with kinetic and pharmacologi-
cal properties similar to native olfactory cyclic nucleotide-gated
cation channels [17]. Although the mechanism(s) whereby odor-
ant binding mediates olfactory transduction is unknown, Naka-
mura and Gold [161 have proposed that an odorant-stimulated
increase in cyclic nucleotides may activate a cyclic nucleotide-
dependent channel which depolarizes the membrane potential.
More recently, Liu et a! [18] have demonstrated that calcium-
calinodulin binding to the N-terminus of the rat olfactory cyclic
nucleotide-gated cation channel reduces the affinity of the chan-
nel for cyclic nucleotides and alters channel gating. In frog
olfactory neuroepithelia, Kleene [19] demonstrated that calmodu-
lin antagonists block cAMP-activated current by acting directly on
cyclic nucleotide-gated cation channels.
In a first step toward identifying the structural basis for cyclic
nucleotide-gated channel activation, Goulding, Tibbs and
Siegelbaum [20] examined kinetic and pharmacological properties
of chimeric proteins constructed from bovine retinal photorecep-
tor and catfish olfactory neuron cyclic nucleotide-gated cation
channels. Two different structural domains were identified that
are important for ligand binding and channel gating: (1) a putative
a-helix in the C-terminal binding domain that confers selectivity
of the channel for activation by cyclic nucleotides, and (2) an
N-terminal domain that affects the kinetics of channel opening.
From their results, the authors propose that an allosteric confor-
mational change in the C-terminal binding domain enhances
agonist efficacy and the channel open state is stabilized by cyclic
nucleotide-induced channel activation.
Recently, Reale, Hays and Ashford [21] demonstrated that
calcium-activated, non-selective cation channels in a rat insuli-
noma cell line (CRI-Gi) exhibit a complex, concentration-depen-
dent modulation by cyclic nucleotides. cAMP was shown to
increase channel activity at low concentrations (0.1 to 10 1iLM)
whereas cAMP inhibited channel activity at higher concentrations
(100 fLM and 1 mM). Furthermore, results of this study suggest that
the cyclic nucleotide site mediating non-selective cation channel
inhibition exhibits base specificity, that is, cAMP = cUMP >
cGMP > cCMP = cIMP. In contrast, the cyclic nucleotide site
mediating activation of the channel exhibits much less base
specificity with cAMP, cGMP, and cIMP being nearly equally
effective at this site. These results are in accord with those of
Paulais and Teulon [22], who demonstrated a similar inhibitory
effect of high concentrations of cAMP on the calcium-activated,
non-selective cation channel in the kidney. Moreover, in olfactory
membrane patches, the non-selective cation channel exhibits
almost equal affinity for cAMP and cGMP [16].
Pineal gland
Expression of cGMP-gated cation channel poly(A) RNA in
pineal gland cells has been demonstrated by RT-PCR and North-
ern blot hybridization [23] (S.E. Guggino, unpublished observa-
tions). In addition, Dryer and Henderson [24] have identified
cGMP-activated channels in chick pinealocytes. Adrenergic ago-
fists increase cGMP levels and melatonin synthesis [25]. Thus, it
is tempting to speculate that adrenergic agonists may regulate
cGMP-gated cation channel activity. Because cGMP-gated cation
channels mediate calcium entry it is possible that these channels
may play a role in regulating neuroendocrine release of melatonin
from the pineal gland. Whether membrane depolarization in
pineal cells is a result of closure of cGMP-gated cation channels in
response to light remains to be determined.
Neurons
In situ hybridization studies have documented the expression of
cGMP-gated cation channel poly(A) RNA in neurons through-
out the rat cortex (S.E. Guggino, unpublished observations).
Nitric oxide synthase-containing neurons synthesize and release
nitric oxide which in turn elevates cGMP in adjacent neurons
during neurotransmission [26]. Because nitric oxide-producing
neurons communicate with a large number of neighboring cells
[27], widespread cGMP-gated cation channel expression in the
cortex is consistent with the notion that cGMP-gated cation
channels may play a role in cortical neurotransmission. In addi-
tion, in situ hybridization studies also document the expression of
cGMP-gated cation channel poly(A) RNA in hippocampal
neurons. Nitric oxide [28] and carbon monoxide [29] are known to
play a role in maintaining Iong-Ierm potentiation (LTP) in the
hippocampus by increasing cGMP via activation of soluble gua-
nylate cyclase [30]. Thus, cGMP-gated cation channels in the
hippocampus may allow entry of calcium into the presynaptic
neuron which, in the presence of cGMP, may strengthen LTP by
enhancing neurotransmitter release. Thus, cGMP-gated cation
channels may contribute to memory by creating the positive
feedback loop characteristic of long-term potentiation.
Spleen
RT-PCR and in situ hybridization studies localize cGMP-gated
cation channels to the thymus and red pulp of the spleen (S.E.
Guggino, unpublished observations). Macrophages, which reside
in the red pulp of the spleen, express an inducible form of nitric
oxide synthase that could represent the first limb of a cGMP-
dependent signal transduction pathway [31]. Moreover, ANP
receptors, which mediate an increase in cGMP, are also present in
the spleen (SE. Guggino, unpublished observations). Activation
of a nucleotide-gated cation channel in the thymus or spleen may
cause sodium-mediated membrane depolarization or stimulate
pathways involved in immune responses through an influx of
calcium.
Heart
The cone cGMP-gated cation channel is expressed in atria and
ventricle [32]. Northern blot analysis by Ahmad, Redmond and
Barnstable [151 suggests that the heart also expresses the rod
photoreceptor cGMP-gated cation channel. However, in situ
hybridization failed to identify rod photoreceptor cGMP-gated
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cation channel poly(A) RNA in heart (S.E. Guggino, unpub-
lished observations). The reason for this discrepancy is not known.
Recently, cGMP-gated cation channel poly(A) RNA was iden-
tified by in situ hybridization in the endothelial layer of the aorta
using a rod photoreceptor channel probe (S.E. Guggino, unpub-
lished observations). Although endothelium-derived nitric oxide is
an endogenous vasodilator and maintains blood flow by dilating
vascular smooth muscle cells, cGMP accumulation in endothelial
cells is probably not mediated by nitric oxide [33]. Therefore, it is
unlikely that nitric oxide modulates endothelial cell cGMP-gated
cation channel function. In endothelial cells, however, cGMP
accumulation is modulated by bradykinin B2 receptors [34] and
atrial and brain natriuretic factors [35] which may mediate
changes in cGMP-gated cation channel activity. Recently, the
olfactory type cyclic nucleotide-gated channel cDNA was cloned
from aorta [361, suggesting that two types of cyclic nucleotide
gated cation channel types are expressed in aorta (that is, rod and
olfactory).
Respiratory system
Poly(A) RNA for the cGMP-gated cation channel has been
identified in trachea, bronchioles and alveoli by RT-PCR and in
situ hybridization (S.E. Guggino, unpublished observations). The
following observations indicate that cGMP-gated cation channels
may mediate sodium transport in the lung: (1) 8-bromo-cGMP
stimulates electrogenic sodium absorption in rat tracheal airway
cells in culture (S.E. Guggino, unpublished observations), indicat-
ing that a cGMP-gated cation channel may contribute to sodium
transport; (2) soluble and particulate guanylate cyclases exist in
type I alveolar cells [371; (3) alveolar type I cells cover most of the
alveolar surface area; and (4) a 25 pS amiloride-sensitive, non-
selective cation channel is present in lung epithelium; however,
the effect of cyclic nucleotides on this channel has not been
reported [381. If the cGMP-gated cation channel in lung also
mediates calcium uptake, the channel may also be involved in
cellular defense mechanisms. For example, nitric oxide synthase is
induced by lipopolysaccharide and pulmonary macrophages re-
spond to endotoxin, interferon and zymosan with production of
nitric oxide [37, 39, 40].
Biophysical properties and physiological role of renal cGMP-
gated non-selective cation channels
Non-selective cation channels are expressed in every nephron
segment (Table 1). In general, the channels are highly selective for
cations versus anions and are not permeable to divalent cations.
Most of the channels are insensitive to amiloride and have
relatively fast kinetics. Some, but not all, of these channels are
activated by increased cellular calcium levels. The function of
cation channels in the kidney is largely unknown except for the
stretch-activated, 18 p5 channel which appears to be involved in
cell volume regulation in Necturus proximal tubule and the
cGMP-gated, non-selective cation channel which mediates tran-
sepithelial sodium absorption in the IMCD. At the time this
review was written (January 1995), eDNA clones have been
isolated for the cGMP-gated, non-selective cation channel only
(see below).
In the kidney cGMP-gated, non-selective cation channels have
been identified in the IMCD and CCD (Table 1). The channel is
active in cell-attached patches of isolated rat IMCD and in rat and
mouse IMCD cells in primary and continuous cell culture [41—47].
The single channel conductance is 28 pS and the probability of the
channel being open (P0) is increased by elevated intracellular
calcium. The channel is inhibited by micromolar concentrations of
amiloride (K, <0.1 M) and cGMP, as well as cGMP-dependent
protein kinase, protein kinase C, G-proteins, and ATP (Table 1).
In contrast to non-selective cation channels described in non-
renal tissues, the IMCD channel is not inhibited by diphenylamine
carhoxylic acid (DPC) (Table 1). Moreover, we were unable to
demonstrate an effect of cAMP (1 mM), cCMP (100 LM), cTMP
(100 j.M), or cUMP (100 jtM) on channel activity [43]. However,
Reale, Hales and Ashford [21] recently demonstrated that calci-
um-activated non-selective cation channels in a rat insulinoma cell
line (CRI-Gi) exhibit a complex, concentration-dependent mod-
ulation by cyclic nucleotides. It remains to be determined, there-
fore, whether the IMCD cGMP-gated, non-selective cation chan-
nel is modulated by cyclic nucleotides in a more complex,
concentration-dependent manner. Atrial natriuretic peptide,
through its second messenger cGMP, completely inhibits amilo-
ride-sensitive sodium absorption across the IMCD [41, 48]. Be-
cause neither ANP nor cGMP inhibits the 4 pS, Nat-selective
channel (N. Kizer and B. Stanton, unpublished observations), it is
reasonable to conclude that the cGMP-gated, non-selective cation
channel is responsible for all electrogenic sodium absorption
across the IMCD.
The cGMP-gated channel in IMCD has biophysical properties
similar to the retinal rod channel including a linear current-
voltage relationship, an equal permeability to sodium and potas-
sium, and a 28pS single channel conductance [41—47, 49]. Distinct
differences between the rod photoreceptor and renal cGMP-gated
cation channel include: (1) cGMP increases the P0 of rod channels
whereas cGMP decreases the P0 of channels in CCD and IMCD,
and (2) increased calcium reduces the single channel conductance
of rod channels whereas increased calcium enhances the P0 of the
channel in CCD and IMCD.
Molecular cloning of a renal amiloride-sensitive, cGMP-gated
cation channel
The first molecular evidence that the kidney expresses a gene
related to the retinal rod cGMP-gated, non-selective cation
channel came from a study by Ahmad, Redmond and Barnstable
[15]. Using Northern blot analysis they found that a rat photore-
ceptor cGMP-gated cation channel probe hybridized to poly(A)
RNA (—3.2 kb) isolated from a mouse CCD cell line (Ml CCD).
Subsequently, the same group isolated partial cDNAs encoding
putative cGMP-gated cation channels in Ml CCD cells [461. Two
partial eDNA clones were isolated: one that differs from the
cGMP-gated cation channel in rat rod photoreceptor by one
nucleotide (nt) out of 426 nt and one that differs from the rat rod
photoreceptor channel by 20 nt. A third partial eDNA clone that
differs by only one nucleotide from the rat photoreceptor se-
quence was obtained from a rat kidney cDNA library by PCR.
Differences in sequence were in redundant positions, and thus, the
deduced amino acid sequences for all the renal clones were
identical to the rat rod photoreceptor channel. In a more recent
experiment, Guggino et al (unpublished observations) used a 424
bp fragment of the bovine rod cGMP-gated cation channel which
encodes amino acids encompassing membrane spanning domains
H5 and H6 to screen 5 X i0 recombinants from a human kidney
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cDNA library. Four clones were identified, the longest of which
(2.1 kb) was sequenced and found to have 100% nucleotide
identity with the human retinal rod channel [5].
Recently, Biel et a! [32] and Weyand et a! [50] isolated a cDNA
clone encoding a cGMP-gated cation channel (CNG-3) in bovine
testis, kidney and heart that is 78% identical at the amino acid
level to the cone photoreceptor channel in chicken [50]. The open
reading frame encodes a 706 amino acid protein with a predicted
molecular mass of 81,132 daltons. Amino acid sequence compar-
ison revealed a sequence identity of 60% when compared with the
bovine rod outer segment cGMP-gated channel and 62% when
compared with the bovine olfactory epithelial channel, The great-
est divergence in amino acid sequence occurs in the N-terminus
preceding the first transmembrane domain. When the cRNA was
expressed in heterologous cells, electrophysiological analyses re-
vealed that the cDNA encodes a 21 pS, cGMP-activated, non-
selective cation channel (Ka for cGMP = 18 J.LM). The Hill
coefficient for cGMP activation was four, suggesting that the
channel is composed of five identical subunits. When expressed in
embryonic kidney 293 cells the permeability ratio of the channel
was NH4 > Na: > K: > Li: Rb > Cs [32], whereas when
expressed in Xenopus oocytes the permeability ratio was NH4 >
K4: > Nat: > Pb: Li > Cs [50]. In addition, the channel was
permeable to calcium, outwardly rectified when divalent cations
were present in the extracellular solution, and was inhibited by
L-cis-diltiazem. These properties are similar to other cGMP-gated
channels in retinal rod and olfactory epithelial cells [49]. Poly(A)
RNA for the channel was expressed primarily in testis, kidney
cortex and kidney medulla (—4 and —3 kb). A weak signal at 4.2
kb was also found in cardiac atria and ventricle. In addition to
CNG-3, a second full length cDNA (CNG-1) was amplified from
bovine kidney by PCR. CNG-1 was shown to be 100% identical to
the cGMP-gated cation channel cDNA in bovine retinal rod [32].
Because CNG-3 and CNG-1 were amplified in a 16:1 ratio, the
predominant species in bovine kidney appears to be CNG-3 [32].
The observation that CNG-1 is expressed in bovine rod photore-
ceptor and kidney is consistent with findings from mouse (see
below) that cGMP-gated cation channel cDNAs are identical in
mouse photoreceptor and kidney. However, the observation that
CNG-1 and CNG-3 encode a cGMP-activated cation channel
cannot account for the cGMP inhibition of the channel in kidney.
Our laboratory (B.A.S.) has a long-standing interest in the
biophysics and molecular biology of the renal cGMP-gated,
non-selective cation channel [42—45, 48, 51—59]. In a first step
toward isolating a full-length cDNA clone coding for this channel,
RT-PCR of poly(A) RNA was used to isolate partial cDNAs in
rat and mouse IMCD cells. Oligonucleotide primers were de-
signed from conserved regions flanking the cGMP binding do-
main which is highly conserved among cGMP-gated cation chan-
nels [1]. PCR products of 790 bp and 524 bp were identified and
found to hybridize with rat retinal cation channel probes by
Southern blot analysis [54, 56, 571. Northern blot analysis of
poly(A) RNA isolated from IMCD cells using the 790 bp PCR
product as a probe revealed several bands including one at 3.2 kb
[54]; the same size as the retinal and olfactory cGMP-gated cation
channel transcripts. Northern blot analysis of mouse kidney
poly(A) RNA using the 524 bp PCR product as a probe
identified a similar 3.2 kb band [56, 57]. The 524 bp cDNA
isolated from mouse IMCD has significant sequence identity with
the mouse retinal rod cGMP-gated cation channel, with only 3 bp
differences resulting in two amino acid changes, one of which is
conservative [56]. In contrast, the 790 bp cDNA is significantly
different from the mouse rod photoreceptor, thereby suggesting
that the IMCD may express multiple genes encoding cGMP-
gated, non-selective cation channels.
Recently, we obtained the full-length sequence of cDNA clones
that are likely to encode the cGMP-gated, non-selective cation
channel in mouse IMCD [58, 59]. The open reading frame is 2,055
bp and encodes a protein with a calculated molecular mass of 79
kD. We identified one cDNA clone that is alternatively spliced
and, by 5'RACE, we identified two 5' untranslated regions. The
nucleotide sequence of the open reading frame differs by 9 bp
from the mouse retinal rod cGMP-gated cation channel [6]. A
nonconservative change in amino acid 636 in the cDNA isolated
from mouse IMCD cells results in an additional proteolytic
consensus sequence that may result in a truncated protein with
altered function. Recently, by constructing chimeric proteins from
bovine retinal photoreceptor and catfish olfactory neuron cyclic
nucleotide-gated cation channels, Goulding et al [20] identified
two different structural domains (N-terminal and C-terminal) that
are important for ligand binding and channel gating. It may be,
therefore, that proteolytic cleavage of a C-terminal region of the
mouse IMCD cGMP-gated cation channel alters an N-terminal!
C-terminal interaction that affects ligand affinity and channel
gating. In addition, this C-terminal proteolytic site may account
for our Western blot results demonstrating that the cation channel
in mouse IMCD cells is 50 kD whereas the channel in rod
photoreceptors is 63 kD [58].
Two 5' untranslated regions (UTR) obtained by 5'-RACE are
only 29% homologous between nucleotides —67 and —17 but
share sequence identity from —16 to + 90 nucleotides. Both
5 '-RACE products are preceded by an upstream stop codon and
have a partial Kozak consensus sequence preceding the initiation
start codon. When compared with the predicted intron-exon
junction sequences of the human rod photoreceptor [5], the 5'
UTR of the mouse IMCD cGMP-gated cation channel cDNA
appears to be differentially spliced at a site corresponding to the
second intron. These observations suggest that the 5' UTR is
alternatively spliced or that more than one gene encodes the renal
cGMP-gated cation channel.
The cDNA encoding the renal cGMP-gated cation channel
shares no sequence homology with the Nat-selective channels
cloned by Lingueglia et al [60, 61] and Canessa et a! [62, 63]. The
putative two-dimensional structure of the renal cGMP-gated
cation channel, which is in general agreement with the structure of
the retinal rod channel [1], is depicted in Figure 1. The N-
terminus of the protein is located on the cytoplasmic side of the
membrane. There are six hydrophobic transmembrane domains,
Hi, H2, H3, S4, H4 and H5, followed by a long cytoplasmic
domain containing an 80 amino acid region near the C-terminus
that shares sequence identity with the cyclic nucleotide binding
domain of the photoreceptor channel. Within the two-dimen-
sional structure of the renal cGMP-gated cation channel are two
sequence motifs reminiscent of voltage-gated potassium channels.
One, S4, has arginine residues at every third position and has been
proposed to serve as the voltage sensor in voltage-gated channels.
However, cGMP-gated channels, including the renal channel, are
only weakly voltage dependent [1]. Because the S4 motif in
cGMP-gated cation channels has only four positively charged
residues compared with a maximum of seven in voltage-gated
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channels, the functional significance of the S4 motif in cGMP-
gated cation channels is unclear. A second sequence motif ("P"),
sharing significant homology with the putative pore region of
voltage-gated potassium channels, is located between H4 and H5.
This segment of 20 amino acids spans the membrane twice in a
hairpin-like 13-sheet and is thought to form the ion-conducting
pore.
In addition to isolating the full-length cGMP-gated cation
channel cDNA clone described above, a second full-length cDNA
clone has been isolated from the IMCD. This cDNA is identical to
the first IMCD cDNA clone except for a 107 bp deletion that
corresponds to amino acids encoded by exon #9 of the gene (112
domain). The functional significance of the H2 deletion in kidney
is unknown. It is possible that the channel is heteromultimeric and
the splice variant may be an important component of the channel.
Thus, it is tempting to speculate that the H2 deletion may account
for some of the observed differences between cGMP-gated cation
channels expressed in IMCD and other cells (see above). Exper-
iments in progress are evaluating the biophysical characteristics of
channels encoded by the renal IMCD channel eDNA clones and
are testing the hypothesis that the cGMP-gated cation channel in
the IMCD is a heteromultimeric structure.
We have also examined the distribution of the renal cGMP-
gated cation channel along the mouse nephron by RT-PCR.
Oligonucleotide primers used to amplify the 524 bp cGMP-gated
cation channel eDNA in IMCD cells amplified 524 bp cDNAs in
proximal straight tubule (PST), medullary thick ascending limb
(mTAL), CCD, and distal convoluted tubule (DCT) cells [57].
Southern blot analysis, restriction digest analyses, and cDNA
sequencing have confirmed the identity of the 524 bp cDNAs as
the cGMP-gated cation channel. Support for the expression of a
cGMP-gated cation channel, or a related gene product, in all
nephron segments was also provided by Western blot analysis
using an antipeptide, monoclonal antibody directed against a
highly conserved region of the cGMP-binding domain of the
channel [581. The antibody specifically reacted with a single 50 kD
protein in all nephron segments studied and with a 63 kD protein
in bovine rod outer segment [58]. The expression of the 63 kD
protein in retinal rod cells is due to a 92 amino acid deletion from
the N-terminal end of the 79 kD protein [64]. Accordingly, the
differences in molecular mass between the IMCD and retinal rod
cGMP-gated cation channel may result from tissue-specific differ-
ences in post-translational events. In addition, the presence of an
additional C-terminal proteolytic site in the mouse IMCD cGMP-
gated cation channel cDNA may account for the differences in
molecular mass between the IMCD and retinal rod cation chan-
nels.
Additional support for the expression of a cGMP-gated cation
channel, or a related gene product, in all nephron segments was
provided by in situ PCR hybridization experiments [65]. Oligonu-
cleotide primer sets complimentary to separate 5' and 3' regions
of the cGMP-gated cation channel cDNA amplified cGMP-gated
channel poly(A) RNA in all epithelial cells along the nephron
[65]. cGMP-gated cation channel poly(A) RNA was not de-
tected in mouse jejunum [65]. Taken together, these observations
suggest that a cGMP-gated cation channel, or a related gene
product, may be expressed in all nephron segments.
In contrast to results documenting the widespread distribution
Na2
Fig. 1. Putative model of the renal cGMP-gated, non-selective cation channel. Modified from [11.
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of cGMP-gated cation channels throughout the nephron [57, 65],
Guggino et a! (unpublished observations), using an in situ hybrid-
ization probe complimentary to a sequence located between the
fifth and sixth transmembrane domain of the retinal rod cGMP-
gated cation channel cDNA, showed that cGMP-gated channel
poly(A) RNA was not distributed globally in the kidney. One
explanation for the discrepancy between the results described
above and those of Guggino et a! may be that poIy(A) RNA
levels for the channel are extremely low in renal cells and that in
situ hybridization is not sensitive enough to detect low poly(A)
RNA levels. Although the role of cGMP-gated cation channels in
nephron segments proximal to the IMCD is unknown, it is
tempting to speculate that hormones that increase cGMP, such as
ANP and nitric oxide, may regulate sodium, and perhaps calcium
uptake, in these nephron segments. The physiological implications
of such actions remain to be determined.
Given the similarity in the cDNAs encoding the IMCD and rod
photoreceptor cGMP-gated cation channel, what accounts for the
functional differences in channels expressed in IMCD and rod? It
is possible that a single amino acid difference may be responsible
for alterations in channel gating by cGMP and calcium. Another
explanation may be that other regulatory subunits are differen-
tially expressed in rod and kidney. For example, Chen et al [7]
isolated a eDNA clone with 30% identity to the rod photoreceptor
channel cDNA that when co-expressed with rod channel cDNA
decreased the K, for diltiazem inhibition of the channel. Expres-
sion of a unique regulatory subunit in the IMCD may cause cGMP
to inhibit the channel. For example, a 20 amino acid peptide
derived from the N-terminus of the Shaker potassium channel
blocks the cGMP-gated cation channel expressed in rod photore-
ceptor [661. If such a subunit is part of a unique regulatory protein
expressed in the IMCD, it could account for inhibition of this
channel by cGMP. Alternatively, or in addition, differences in
channel function may be related to tissue specific differences in
post-translational modification. As noted above, the cGMP-gated
cation channel eDNA in rod and kidney encodes a protein with a
calculated molecular mass of 79 kD. However, the channel is 50
kD in kidney and 63 kD in rod. Thus, tissue-specific post-
translational events may account for noted differences in the
properties of cGMP-gated channels expressed in the IMCD and
the rod photoreceptor. In addition, the presence of an additional
C-terminal proteolytic consensus sequence in the mouse IMCD
cGMP-gated cation channel cDNA may alter an N-terminal/C-
terminal interaction that affects ligand affinity and channel gating.
Future directions
Although much has been learned about renal cGMP-gated,
non-selective cation channels in recent years, additional work is
required to fully understand their functional significance. To this
end the following questions need to be addressed: (1) What are
the biophysical properties of the channel encoded by cDNAs
isolated from mouse IMCD?; (2) Does the IMCD express other
genes encoding regulatory subunits?; (3) Are renal-specific post-
translational events responsible for the functional differences
between photoreceptor and IMCD channels?; (4) Do cGMP-
gated cation channel subunits interact with sodium channels?; (5)
What are the physiological roles of cGMP-gated cation channels
in proximal tubule, medullary thick ascending limb, distal convo-
luted tubule and cortical collecting duct? We anticipate that
answers to these questions, together with the information de-
scribed in this chapter, will provide valuable insights into the
physiological role of renal cGMP-gated cation channels.
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Note added in proof
Our laboratory (B.A.S.) has recently expressed the mouse IMCD
cGMP-gated cation channel cDNA in Xenopus oocytes. By patch clamp
analysis of cRNA-injected oocytes, we identified a 19 pS cation channel
that was inhibited by cGMP (0.1 mM), amiloride (0.5 /.LM), and diltiazem
(0.1 mM) and was conductive to both monovalent and divalent cations
(VANDORPE D, SANDOE C, KARLSON K, STANTON B: J Am Soc Nephrol
(abstract) (in press). In contrast, oocytes injected with cRNA transcribed
from the mouse photoreceptor cGMP-gated cation channel expressed a 22
pS cation channel that was activated by cGMP. cGMP-gated cation
channels were not observed in water-injected oocytes. Experiments are in
progress to determine the molecular basis for the functional differences
between photoreceptor and IMCD cGMP-gated cation channels.
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